Multiple epigenetic association studies on human aging have been performed reporting large numbers of sites differentially methylated across ages on the autosomal chromosomes. The Xchromosome has been studied little, due to analytical difficulties in dealing with sex differences in X-chromosome content and X-inactivation in females. Based on large collections of genome-wide DNA methylation data on two Danish cohorts of identical twins (mean ages, 66 and 79 years) and the Lothian Birth Cohort 1921 (mean age 79 years), we conducted a chromosome-wide association analysis on male and female samples separately with equal sample sizes to discover age-dependent X-linked DNA methylation patterns using chromosome 20 with about same number of CpGs analysed as an autosomal reference, and compare the age-related changes in DNA methylation between the two sexes. In addition, age-related methylation sites were assessed for their associations with mortality.
Introduction
Aging-related epigenetic changes have been studied intensively using high-throughput techniques for genome-wide DNA methylation profiling. There are reports of large numbers of significant CpG sites dominated by lower methylation with older age (Bell et al. 2012; Horvath et al. 2012; Hannum et al. 2013; Florath et al. 2013; Marttila et al. 2015; Tan et al. 2016; Moore et al. 2016) . The ageassociated methylation patterns have been recently replicated in different samples and even across populations (Li et al. 2017) . Overall, findings from these studies point to the extensive epigenetic remodeling in the DNA methylome involving biological pathways related to aging phenotypes and age-related diseases. The X chromosome comprises about 5 percent of the human genome and harbours about 2,000 genes; however, methylation levels on this chromosome have typically been ignored to date. This is probably due to analytical difficulties in dealing with differences in Xchromosome contents of females and males, and X-chromosome inactivation in females which renders the comparison on levels of DNA methylation between the two sexes impossible.
Using a large collection of DNA methylation data on the Lothian Birth Cohort of 1921 and 2 Danish twin cohorts, we examine DNA methylation on the X-chromosome as a function of age, we compare it between male and female samples, and we assess their associations with mortality. The analysis took advantage of large sample sizes that enabled statistical modeling on male and female samples independently after a data normalization procedure conducted on male and female samples separately and on the X-chromosome only. Our strategic analysis simply focusing on the agedependent change (or rate of change in a longitudinal setting) in DNA methylation helped us to circumvent X-chromosome complexity. The use of Danish twins helped to control for genetic influences on the aging process leading to enriched power for epigenetic association analysis (Li et al. 2018) . Based on multiple comparison and replication, we show that, through both sex-specific and non-sex-specific age-related DNA methylation changes, the X-chromosome plays a nonneglectable role during the aging process.
Results
By applying the linear regression models on male and female samples separately in three cohorts (Table 1) , we identified X-linked CpGs displaying significant age-associated methylation changes (FDR<0.05) independent or dependent of sex with very high proportions of hypermethylation (≥66%) except for male-only CpGs from MADT (39%) ( Table 2 ). In addition, higher proportions of hypermethylation are observed in the older LBC and LSADT cohorts than in the relatively younger MADT samples except for female-only CpGs from LSADT. Although equal numbers of male and female samples were used in the statistical analysis, far more significant sites were detected in female than in male samples with the smallest numbers of CpGs significant in both sexes (Table 2) .
By plotting the regression coefficient of age (i.e. the rate of change in DNA methylation across ages) in males against that in females, Figure 1 presents the age-methylated CpGs that are significant only in males (blue), in females (red) or in both sexes (green) in the 3 cohorts respectively. Comparing Figures 1a and 1c with 1e, one can see that, in general, the significant CpGs are more dominated by hypermethylation in the older cohorts than in the younger MADT cohort. A similar pattern was observed when plotting the estimates on chromosome 20 which has about the same number of CpG probes tested as chromosome X (Figures 1b, 1d and 1f ). Comparing Figure 1a with 1b, one can see that the age-dependent methylation changes on chromosome X in the oldest LBC cohort is more diverse or heterogeneous then that on chromosome 20.
Sex-independent age-related methylation patterns
We identified 399, 202 and 432 CpGs hypermethylated, only 0, 15 and 98 CpGs hypomethylated with increasing age in both male and female samples with FDR<0.05 in LBC1921 (Table S1 ),
In Supplementary Table S12 , we summarize the relationship between age-associated CpGs (FDR<0.05) and mortality-related CpGs (p<0.05). Interestingly, CpGs hypermethylated with age in males are characterized by high proportion of those with negative Cox coefficients (i.e. reduced risk of death with hazard ration or HR<1) which is significantly different from that of CpGs hypomethylated in aging males. In Females, however, such a consistent pattern was not observed.
On the contrary, the female MADT cohort is characterized by a significantly higher proportion of hypermethylated CpGs with HR>1. Figure 3 plots CpGs with FDR<0.05 for age (blue dots) or p<0.05 for mortality (red dots), or both (green dots) in males (left panel) and females (right panel).
Additionally, CpGs with FDR<0.05 for mortality are indicated by solid dots. The highly significant mortality-associated CpGs (FDR<0.05) are mostly unrelated to age, except those in solid green in Figures 3e (19 CpGs, Supplementary Table S13 ) and 3f (2 CpGs, cg02033323, cg04594276) for the younger MADT cohort.
Discussion
To our knowledge, we have performed the first exploratory analysis of the age-associated DNA methylation patterns on the X-chromosome and their associations with mortality in samples of older people. By estimating the age-dependent change in DNA methylation in male and female samples separately, we were able to discover the sex-specific and non-specific DNA methylation changes across ages and linked these to the risk on mortality while disregarding the sex differences in the levels of X-linked DNA methylation.
As shown in Table 2 and Figure 1 , the age-related methylation changes are characterized by a high proportion of hypermethylation except in MADT male samples. The phenomenon could imply that more X-linked sites are methylated with increasing age, or in other words, age-related progressive spreading of hypermethylation on the X-chromosome both in males and in females.
Although we deliberately used the same number of samples for males and females, the numbers of significant CpGs varied largely by sex, with many more significant sites found in female (red dots in Figure 1 ) than in male (blue dots in Figure 1 ) samples of all 3 cohorts. Since the male and female sample sizes are equal, the observed difference is more likely due to biological reasons rather than statistical artifacts associated with differential power as a result of unequal sample sizes. One could postulate that the X-chromosome could undergo more extensive methylation during aging in females than in males. On the other hand, the phenomenon could also occur if X-linked DNA methylation profiles in males are more variable than in females. More research is needed for clarifying the issue.
For comparison purposes, we performed similar analysis on chromosome 20 which has about same number of CpGs as the X-chromosome measured on the 450K array. In Figure 1 , the scatter plots for the coefficients of age estimated in male and female samples do not show the striking difference as compared to the plots for X-Chromosome, except for LBC1921 in Figure 1b where CpGs hypermethylated in females are predominantly also hypermethylated in males or simply became sex-independent (green dots of 610 CpGs). It is interesting to see in Table 2 that, although with about equal number of CpG sites analyzed, we always detected more CpG sites differentially contribute to reduce the risk of death in males (green dots in the down-right of Figure 3a, 3c, 3e ).
The numbers are clearly shown in Supplementary Table S12 (hypermethylated with age with HR<1). In contrast, a nearly equal number of age-associated CpGs contribute to increase or decrease the risk of death in females. In MADT females, there are even more hypermethylated CpGs with HR>1 (increased mortality with methylation) than HR<1 (decreased mortality with methylation) (Figure 3f , Table S12 ). The sex-dependent pattern here seems to imply that age-related methylation changes on the X-chromosome are associated with longer male survival but not female, which is contradictory to the observed sex difference in mortality (Owens, 2002) . In our recent study, age-related hypermethylation on the Y-chromosome has been shown to lower the risk of death in males (Lund et al. 2019) . We think, however, explanation of the phenomenon concerns whether the observed age-related hypermethylation change is the cause or response to aging. In this regard, the longitudinal design that links methylation change at an individual level with risk of death should provide direct estimates of the association and help with causation inference (Li et al. 2018 ). Together with the result from Lund et al. (2019) , we postulate that the observed ageassociated hypermethylation on the sex chromosomes in males could mainly represent an active response to the aging process that helps to maintain male survival.
The CpGs in Tables 3 and 4 are those significantly methylated with age in all 3 cohorts in males and females separately. Note that these robustly replicable sex-dependent CpGs are all hypermethylated with increasing age. Among the genes linked to CpGs in Table 4 for females, PLXNA3 is linked to cg23494279 in the gene body. Interestingly, the gene is also annotated to cg15192932 (gene body), one of the 4 sex-independent CpGs shared by all 3 cohorts. Even more interestingly, the same gene is further among the genes annotated to the 19 age-associated (FDR<0.05) CpGs that also affect mortality (FDR<0.05) in males ( Supplementary Table S13 , cg01798163 in body of PLXNA3). According to the parameter estimates in Table S13 , the age-0 dependent hypermethylation of this CpG is associated with decreased risk of death in males. This gene encodes a class 3 semaphorin receptor and may be involved in cytoskeletal remodeling as well as apoptosis. The gene may be associated with tumor progression and has been found differentially expressed in 15 types of cancer (Saleembhasha & Mishra, 2019) . Our results could suggest that activity of one gene can be epigenetically regulated by different models including sex-dependent or independent models through DNA methylation.
In supplementary Table S13, cg17662252 located in the body of GNL3L gene is hypermethylated with age with increased risk for death. It has been shown that overexpression of GNL3L drives the fraction of genetically defined tumor cells that exhibit markers and tumorigenic properties of tumor initiating cells o f enhanced radioresistance and propensity to metastasize (Okamoto et al. 2011) . Considering the observation that hypermethylated CpG in the gene body is accompanied by gene overexpression (Yang et al. 2014) , our estimate on GNL3L is consistent with its role in tumor. Note that the gene is linked to a CpG significant for age and mortality only in males which may contribute to the male-female mortality disparity (Owens, 2002) .
In summary, we identified more X-linked CpG sites displaying significant age-related methylation patterns in females than in males, with predominantly high proportions of hypermethylation in the older as compared with the younger cohorts. Survival analysis showed that the age-associated methylation patterns may contribute to reduce mortality in male but not in female samples. Based on our analysis, we conclude that the X-chromosome displays significant age-and sex-dependent methylation patterns which might be differentially associated with mortality in the two sexes. Finally, we point out that, the number of X-linked CpG sites covered by the 450K array is only around 1% of the total number of CpGs on the X-chromosome (∼1.2 million).
Considering the limited coverage, interpretation and generalization of our findings in this study should be done with caution. New data collected using high-throughput sequencing techniques such as whole genome bisulfite sequencing should help with replicating and validating our results and verify our conclusions.
Methods
The middle-aged Danish twins (MADT) The MADT samples consist of twin pairs born between 1931 and 1952 collected in the Danish Twin Registry (Gaist et al. 2000) . DNA methylation analysis was performed on 492 blood samples (246 monozygotic or MZ twin pairs, 133 male pairs and 113 female pairs) aged from 55 to 80 years with a mean age of 66 (Table 1 ). For fair cross-sex comparison of significant findings, we took an equal sample size for both sexes as the minimum sample size of the two sexes in statistical analysis.
Because there were more male than female samples, this was done by sequentially taking male samples closest to the mean age of female samples until reaching female sample size. This resulted in 113 male and 113 female twin pairs with age range from 56-79 and a mean age of 65 (Table 1) .
The Longitudinal Study of Aging Danish Twins (LSADT)
The LSADT study based on the Danish Twin Registry is a cohort sequential study of elderly Danish twins. LSADT began in 1995 with an assessment of all members of like-sex twin pairs born in Denmark before 1920. Blood samples were drawn during the home visit in 1996 and 1997 from which DNA was isolated and DNA methylation measured recently (Svane et al. 2018) . After taking equal sample size for male and female samples, we have in total 144 individuals (72 each sex) included in our analysis with an age range of 74-88 (Table 1) . Details on design and data collection were described previously (Christensen et al., 2008) .
The Lothian Birth Cohort 1921 package, on male and female X-chromosomes separately. Probes with a detection p-value (a measure of an individual probe's performance) > 0.01 were treated as missing. CpG sites with more than 5% missing values were removed from the study. After filtering, a total of 11,195 X-linked CpGs were available for subsequent analysis. The similar procedure was applied to chromosome 20 resulting in 10379 CpGs for comparative analysis with the X-chromosome. The normalized methylation data is described as a β value for each site, which is a continuous variable ranging between 0 (no methylation) and 1 (full methylation). Before statistical analysis, the methylation β values were transformed into M values using the logit transformation with M=log 2 (β/(1β )).
Correcting for cell type composition
Blood cell-type composition was estimated using Houseman's methods (based on normalized methylation beta values from 500 differentially methylated regions) for CD8T, CD4T, natural killer cell (NK), B cell, monocyte, and granulocyte using the R packages minfi for Danish twins and celltypes450 (https://github.com/brentp/celltypes450) for the LBC1921s. Correction for cell type composition was done by including the estimated cell type proportions as covariates in the regression models.
Statistical analysis
For each X-linked CpG site, we fitted a linear mixed effects model to regress its methylation M value on each sample's age and cell type proportions with array sentrix barcode and sample sentrix position as random effects variables. 
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